INTRODUCTION
Among a large number of structural tests an aircraft structure needs a certification requirement for a proven level of impact resistance against bird impacts. Bird strike experiments are very expensive and henceforth explicit numerical modeling techniques have grown importance [1, 2, 6] .
High velocity bird impact is one of the most significant hazards to both civilian and military aircrafts [12] . When fighter military aircrafts are operated at lower altitude and higher speed, the probability of bird impact increases and proves lethal to the safety of pilot and critical aircraft components.
In order to ensure the safety of aircraft, the leading edge wing must be capable of leading edge wing high velocity impact threats. Design of an optimum impact resistant leading edge wing is a challenge and requires extensive experimental testing.
The advanced numerical techniques are being adopted as an effective tool to simulate the bird strike event and provide a substitute to excessive costly experimentations. Moreover, it allows analyzing the most stringent impact conditions that cannot be considered in the experiments and provides detailed insight to the impact process which is difficult to observe during experimental testing.
The design methodology followed in the development of the typical wing leading-edge is to have skin, transversal ribs, longitudinal stiff, and baffle plates, which will prevent the bird from impacting the front spar in the case of penetration of the wing skin. As a Type A, a wing leading-edge profile consisting of nose box skin, baffle, stiff and two side ribs is selected for this purpose (Fig. 1) . Radius of leading-edge profile is 90 mm and L/H ratio is 2. A wing section of a Type B consists of wing skin and four transversal ribs. Radius of leading-edge profile is 40 mm and L/H ratio is 3. Aluminium alloys were used for skin, ribs and stiff, and baffle was designed using kevlar-epoxy composites. In all cases the thickness of skin was fixed at 2.5 mm and thickness of other parts at 4 mm. The Lagrangian technique was used to model the wing.
The artificial bird models would replace real birds in actual impact simulations. The accurate modeling of an "artificial" bird includes the shape and material modeling of the bird. In this work the ellipsoidal bird geometry is considered for the finite element bird simulation. The homogenous gas-water mixture was accepted for bird material [3] .
Measured masses and dimensions of several kinds of actual bird species are illustrated in Table 1 . Majority of the birds responsible for damage in a bird strike are medium sized (1.5 to 2.5 kg). The basic goals of the research presented in this work can be summarized as follows:  numerical simulation of various cases of bird impacts including the variation of bird aspect ratio, impact velocity and types of the wing section and  validation of the structural response of a leading edge when subjected to bird strikes.
The numerical simulation is carried out using SPH method running in the finite element code ANSYS AUTODYN ® [4] . According to the Federal Aviation Regulation (FAR 25.571) an airplane must be capable of successfully completing the flight during which likely structural damage might occur as result of impact with 1.81 kg (4 lb) bird at cruise velocity at the sea level. In Table 1 .1 the mass of bird for certification requirements on different aircraft parts is specified with section numbers of Federal Aviation Regulation. The present work aims to numerically model the impact response of wing leading-edge and examine the effect of various factors that contribute to optimize the design of certain wing leading-edge. The certification requirements for leading edges of wing and empennage structure for the aircraft under consideration in this study are based on FAR 25.571 and 25.631 respectively. The leading edges of wing and empennage structures of an aircraft are susceptible to damages induced as a result of bird strikes. Therefore in addition to the aerodynamic functions, it needs to protect the supporting spars and control surfaces in case of such events. The bird strike damages to the leading edges can result in serious damages to the control rods (in case of wings) and control surfaces like elevator (in case of horizontal stabilizer) and rudder (in case of vertical stabilizer). Hence the approach to the design of leading edges for bird strike will be to have a leading edge with improved energy absorption capability which transfers lesser reaction forces to the supporting structures like spars. Since leading edge is the front part of these structures, a careful design to maximise the energy absorption is followed to ensure less damages to supporting structures.
Several critical factors such as mass and shape of bird, impact velocity, angle of impact, and impact location were studied and their influence on the dynamic response of wing leading-edge was assessed. The numerical model was developed and implemented in explicit finite element hydro code ANSYS AUTODYN.
The definition of a suitable bird model is often the main problem in the numerical simulation of bird strike incidents. Starting with relatively simple nonlinear calculations and a pressure load applied to the target structure in the 1970s, complex fluid-structure interactions are treated today with explicit simulation codes and high performance computing. Most interestingly, this evolution from simple to complex and accurate methods did not lead to the establishment of one generally accepted bird impactor modeling approach. Instead, there are still at least three techniques today, which are widely used, each having its own advantages and disadvantages (Lagrangian, Eulerian and meshless particle modeling (SPH)). A comprehensive overview of these bird strike modeling methods can be found in reference [11] .
Although the certification of bird-strike resistant aircraft components still depends on real physical tests, proposals are increasingly put forward to use more simulation techniques instead of experiments in certain well-defined scenarios [9, 10] .
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FME Transactions
AIRCRAFT SERTIFICATION STANDARDAS (BIRD STRIKE DESIGN CRITERION)
The nature of aircraft damage from bird strikes, which is significant enough to create a high risk to continued safe flight, differs according to the size of aircraft. Bird strike is common and can be a significant threat to aircraft safety. For smaller aircraft, significant damage may be caused to the aircraft structure and all aircraft, especially jet-engined ones, are vulnerable to the loss of thrust which can follow the ingestion of birds into engine air intakes. This has resulted in a number of fatal accidents. The nature of aircraft damage from bird strikes, which is significant enough to create a high risk to continued safe flight, differs according to the size of aircraft. Small, propeller-driven aircraft are most likely to experience the hazardous effects of strikes as structural damage, such as the penetration of flight deck windscreens or damage to control surfaces or the empennage. Larger jet-engined aircraft are most likely to experience the hazardous effects of strikes as the consequences of engine ingestion. The primary defence against hazardous bird strikes stems from the requirements for continued safe flight after strikes which are included in the airworthiness requirements of the Aircraft Type and Aircraft Engine Type Certification processes. However, these requirements are not a complete protection and are also mainly focussed on large fixed wing transport aircraft. The relevant design requirements for smaller fixed wing aircraft and helicopters are very limited.
Bird strike is a significant design criterion for leading edges of wing and empennage structures. The certification clauses demand that the aircraft be able to successfully land after the leading edges being struck with a standard bird at cruise velocity of the aircraft for a given altitude. Therefore, the approach followed in the design of leading edges for bird strike is to have a leading edge with improved energy absorption capability which transfers lesser reaction forces to the supporting structures like spars. Since leading edge is the front part of these structures, a careful design to maximise the energy absorption is followed to ensure less damages to supporting structures. In this aspect, a parametric study can help in identifying the parameters which influence the impact behaviour of the leading edges during bird impact.
Current standards for the impact of a single bird with a large aircraft airframe exist in both 14 CFR Part 25-571 and in EASA CS-25.631 as design requirements for which means of compliance are provided. This is that an aeroplane must be capable of continued safe flight and landing after hitting a 1.8 kg bird at the more critical of: Vc (cruise speed) at mean sea level or 85% of Vc at 8000 feet altitude. The FAA (only) has an additional requirement under 14 CFR Part 25-631 that an aeroplane must be capable of continued safe flight and a subsequent normal landing after the empennage structure has been impacted by an 3.6 kg bird at cruise speed (Vc) at mean sea level. In addition, both EASA CS-25 and 14 CFR Part 25 require that: Windshield integrity after single bird impact requires that the inner ply must be non-splintering and the panes directly in front of the pilots must withstand, without penetration, a 1.8 kg bird at cruise speed at mean sea level. Pitot Tube must be far enough apart to preclude damage from a single bird impact. Under EASA CS-23.775 and 14 CFR Part 23.775, smaller aircraft are required only to have limited windshield integrity -a demonstrated single bird impact resistance of up to 0.91 kg at maximum approach flap speed and at least one pane with sufficient forward vision remaining to allow continued safe flight. Under 14 CFR Part 29-631, Helicopters are required only to have a structure which will ensure that continued safe flight and landing is possible after impact with a single bird of up to 1 kg weight at the lesser of Vne and V h at 8000 feet above mean sea level.
THEORETICAL ASPECTS
Numerical simulation of dynamic loading problems understand finding the new state of continuum { , ,
. Transition of continuum in the Lagrangian coordinates is described by the partial differential equations of the conservation of mass, momentum and energy. These, together with the equations of material state and a set of initial and boundary conditions, define the complete solution of the problem. Material continuum in a Lagrangian grid moves and distorts during time automatically satisfying the above mentioned equations. Neglecting heat conduction, the Lagrangian continuum equations are:
Model geometry, initial velocities ( , )   u r t and external loads ( , )  p r t for {  r }  determine the initial and boundary conditions. The pressure p is related to the density ρ and specific internal energy e through the equation of state given in general form.
The equation of state f (ρ,e) completes the system of equations (1)-(3) and allows integration to proceed.
Smooth Particle Hydrodynamics (SPH) formulation is a mesh-less Lagrangian technique used to model the fluid equations of motion using a pseudo-particle interpolation method to compute smooth hydrodynamic variables [4] . In this formulation, the fluid is represented as a set of moving particles, each one representing an interpolation point, where all the fluid properties are known. These particles have a spatial distance (so-called "smoothing length", represented in equations by h), over which their properties are "smoothed" by a kernel function. The contributions of each particle to a property are weighted according to their distance from the particle of interest, and their density. Mathematically, this is governed by the kernel function (symbol W). The equation for any quantity A at any point r is given by the equation (2):
where m j is the mass of particle j, A j is the value of the quantity A for particle j, ρ j is the density associated with particle j, and r denotes position and W is the kernel function. W is the kernel function which is a function of the smoothing length and the position of the relevant particles. The contribution of each particle to the particle of interest is weighted by the kernel function. The SPH processor in ANSYS AUTODYN uses a variable smoothing length, keeping the same number of particles in the neighborhood of the particle of interest. Using a variable smoothing length optimize the computation in the region of interest whereby the smoothing length is decrease for denser region and vice versa. For the SPH bird model, the scale factor for the maximum and minimum smoothing length is set at 0.2 and 2 respectively.
FEM MODELING
This work basically deals with the studies on the leading edges of wing structures of a typical aircraft. In the present study, finite element (FE) simulations were performed to assess the dynamic response of aircraft leading edge against high velocity bird impact. Numerical simulations were performed by developing nonlinear FE model in commercially available explicit FE solver AUTODYN. An elastic-plastic material model coupled with maximum principal strain failure criterion was implemented to model the impact response of aircraft leading edge.
Regarding selection of the "artificial" bird material there the porous water was accepted with porosity z = 0.2.
The effect of porosity with the P-alpha EOS for porous material was investigated [3] .
The appropriate mechanical parameters of the waterair mixture depending on porosity are given in Table 2 .
The mechanical parameters of considered ellipsoidal bird geometry depending on a length-to-diameter ratio are shown in Table 3 .
The ellipsoidal bird models had a total of 1016 to 15614 SPH particles. Both type of wing sections (A and B) were modelled as Lagrangian structures assuming all degrees of freedom of wing structure unconstrained. The single layered wing components were a sheet of aluminium alloy. The material law used for the aluminium alloy was an isotropic elastic plastic model with mechanical parameters given in Table 4 . 
RESULTS AND DISCUSSION
Numerical simulation of various cases of bird impacts for two types of wing sections was accomplished. Final stages of the impact even for ellipsoidal bird of 100 m/s velocity after 4.0 ms of process are presented in Fig. 2 . Analysis of the above structural appearance depicts significant difference in deformations of given models. Deflection of impact zone in the case of Type B is negligible due to appropriate geometry and higher stiffness of design. Increasing impact velocity would allow more appropriate characterization of the wing deformations. In this way the impact velocity for wing Type B was varied from 100 m/s to 200 m/s at the same all other conditions. Appearance of maximum wing skin deflection in the impact zone and effective plastic strain are shown in Fig. 3 (left) . The dependency of maximum wing skin deflection on impact velocity is given in the same figure (right). 
FME Transactions
Typical history diagrams of gauge point deflection (displacement along vector velocity) on leading-edge of wing Type A for impact velocities of 100 and 150 m/s are shown in Fig. 4 . Regarding the bird aspect ratio the deflection of points on the impact zone decreases growing the ratio l/d. Maximum deflection achieves after the impact duration or so-called bird "squash-up" time l/vim (e.g.: for l/d = 2, l/vim= 0.25/200=1.25 ms). Further progress depicts decreasing the maximum deflection due to residual elastic stress in the material.
The real impact understands bird velocity negligible, but more frequently in the numerical simulations the airplane velocity can be assumed for the bird. Both situations were simulated and relative error of maximum deflection during time at 200 m/s impact velocity is shown in Fig. 6 (left) . As well, Fig. 6 (right) depicts the results of experiment [5] and numerical simulation of leading edge deflection of 3.2 mm wing thickness after the large bird strike (bird mass: 3.63 kg) at an impact speed of 125 m/s. Relative error of wing deflection during impact time is always less than 0.7%, so it can consider impact event practically independent on the above mentioned impact scenarios. On the other side, the comparison of the real test and numerical simulation shows a very good agreement between the experimental and the simulated bird strike event.
CONCLUSIONS
In aircraft engineering there is a strong interest in reliable numerical methods for structural design under vulnerability aspects to reduce testing expenses and development time. The aim of this work is to develop a methodology which can be utilized to certify an aircraft for bird strike using computation techniques since the physical testing of bird strike is expensive and time consuming. The behavior of wing leading-edge against high speed bird impact was successfully simulated and the effect of various parameters on its dynamic response was studied. This work considers numerical simulation of bird strike to aircraft wing structure. The numerical simulation is carried out using smooth particle hydrodynamics (SPH) method running in the nonlinear explicit finite element code ANSYS AUTODYN. This investigation included the next activity to study bird strike of aircraft wing structure:
 The qualitative and quantitative determination of the stress and deformation state in the jet material was carried out by finite element method.  The available finite element formulations by SPH technique approach and material laws for bird strike modeling have been assessed.  Validation of the structural response of a leading edge when subjected to bird strikes showed good correlations with the experimental data reported in the literature.  The numerical simulation of various cases of bird impacts including the variation of bird aspect ratio, impact velocity and types of the wing section were carried out successfully.  The developed numerical models comprise a useful tool for the analysis of the failure mechanisms and damage propagation of a bird strike scenario. The validated SPH bird model is impacted on the leading edge of aircraft wing. Further ongoing work in order to increase the predictability and reliability of bird impact simulations on aircraft structures aims at accurate aircraft damage models for explicit calculations and the standardization of a substitute bird impactor.
